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*2D*/*3D*/*4D*

:   *two*/*three*/*four dimensional*

*ACA*

:   *anterior cerebral artery*

*ASL*

:   *arterial spin labeling*

*bSSFP*

:   *balanced steady‐state free precession*

*FSL*

:   *FMRIB Software Library*

*GRAPPA*

:   *generalized autocalibrating partially parallel acquisitions*

(*R*/*L*)*ICA*

:   (*right*/*left*) *internal carotid artery*

*MCA*

:   *middle cerebral artery*

*MIP*

:   *maximum intensity projection*

*PCA*

:   *posterior cerebral artery*

*PCASL*

:   *pseudo‐continuous arterial spin labeling*

*ROI*

:   *region of interest*

*SNR*

:   *signal‐to‐noise ratio*

*SPGR*

:   *spoiled gradient echo*

*TOF*

:   *time of flight*

(*R*/*L*)*VA*

:   (*right*/*left*) *vertebral artery*

*VEPCASL*

:   *vessel‐encoded pseudo‐continuous arterial spin labeling*

Introduction {#nbm3515-sec-0001}
============

Vessel‐selective angiography is important for a range of clinical applications such as assessment of collateral flow, which is crucial for maintaining blood supply to the brain during a stroke [1](#nbm3515-bib-0001){ref-type="ref"} or in response to atherosclerotic disease, and to aid in therapeutic planning for patients with stenoses or lesions, such as the endovascular embolization of arteriovenous malformations. Traditional x‐ray techniques are invasive and expensive, and carry significant risks to the patient [2](#nbm3515-bib-0002){ref-type="ref"}, motivating the development of non‐invasive alternatives.

Arterial spin labeling (ASL) [3](#nbm3515-bib-0003){ref-type="ref"}, [4](#nbm3515-bib-0004){ref-type="ref"} is capable of generating angiographic contrast through the subtraction of images acquired with and without the prior inversion of blood magnetization flowing into the imaging region [5](#nbm3515-bib-0005){ref-type="ref"}, [6](#nbm3515-bib-0006){ref-type="ref"}, [7](#nbm3515-bib-0007){ref-type="ref"}, [8](#nbm3515-bib-0008){ref-type="ref"}, negating the need for an exogenous contrast agent. Many recent studies have used spoiled gradient echo (SPGR) readouts, for example References [9](#nbm3515-bib-0009){ref-type="ref"}, [10](#nbm3515-bib-0010){ref-type="ref"}, [11](#nbm3515-bib-0011){ref-type="ref"}, [12](#nbm3515-bib-0012){ref-type="ref"}, [13](#nbm3515-bib-0013){ref-type="ref"}, [14](#nbm3515-bib-0014){ref-type="ref"}, but one drawback of this approach is that SPGR significantly attenuates the ASL contrast: every repetition time (*T* ~R~) a fraction (1 -- cos *α*) of the remaining longitudinal magnetization is lost [15](#nbm3515-bib-0015){ref-type="ref"}, where *α* is the excitation flip angle. In order to preserve sufficient signal the flip angle and *T* ~R~ used for imaging are therefore highly restricted, particularly when a long readout period is required, limiting the achievable signal‐to‐noise ratio (SNR) and increasing the scan time.

One alternative to SPGR is balanced steady‐state free precession (bSSFP), where the excited transverse magnetization is not spoiled away, but "recycled" for the next *T* ~R~ period [16](#nbm3515-bib-0016){ref-type="ref"}, yielding high SNR efficiency, but also sensitivity to off‐resonance effects. bSSFP has been utilized for both ASL perfusion imaging [17](#nbm3515-bib-0017){ref-type="ref"}, [18](#nbm3515-bib-0018){ref-type="ref"} and dynamic angiography [19](#nbm3515-bib-0019){ref-type="ref"}, [20](#nbm3515-bib-0020){ref-type="ref"}, [21](#nbm3515-bib-0021){ref-type="ref"}, [22](#nbm3515-bib-0022){ref-type="ref"}, [23](#nbm3515-bib-0023){ref-type="ref"}, [24](#nbm3515-bib-0024){ref-type="ref"}. However, no direct comparison of SPGR and bSSFP for ASL angiography has yet been made, and optimization of bSSFP parameters over a long readout period has not yet been fully explored in this context.

For vessel‐selective applications, the ASL preparation can be modified to label blood flowing through an individual artery [12](#nbm3515-bib-0012){ref-type="ref"}, [14](#nbm3515-bib-0014){ref-type="ref"}, [25](#nbm3515-bib-0025){ref-type="ref"}, [26](#nbm3515-bib-0026){ref-type="ref"}. However, such methods are not SNR efficient where multiple arteries are of interest, since labeled blood signal is confined to a single artery on any given acquisition: for example, to generate four vessel‐selective angiograms of the brain‐feeding arteries, the measured signal ***y*** can be described using the equations of Wong [27](#nbm3515-bib-0027){ref-type="ref"} as $$\mathbf{y} = \begin{pmatrix}
{- 1} & 0 & 0 & 0 & 1 \\
1 & 0 & 0 & 0 & 1 \\
0 & {- 1} & 0 & 0 & 1 \\
0 & 1 & 0 & 0 & 1 \\
0 & 0 & {- 1} & 0 & 1 \\
0 & 0 & 1 & 0 & 1 \\
0 & 0 & 0 & {- 1} & 1 \\
0 & 0 & 0 & 1 & 1 \\
\end{pmatrix}\begin{pmatrix}
R_{ICA} \\
L_{ICA} \\
R_{VA} \\
L_{VA} \\
S \\
\end{pmatrix}$$where *R* ~ICA~, *L* ~ICA~, *R* ~VA~, *L* ~VA~, and *S* represent the blood signals arising from the right and left internal carotid arteries, the right and left vertebral arteries, and static tissue, respectively. The SNR efficiency of this scheme [27](#nbm3515-bib-0027){ref-type="ref"} is only 50% relative to non‐selective ASL. In addition, where arteries are not widely separated nearby vessels may be partially labeled [26](#nbm3515-bib-0026){ref-type="ref"}, leading to some ambiguity in the source of the labeled blood.

In vessel‐encoded pseudo‐continuous arterial spin labeling (VEPCASL) [27](#nbm3515-bib-0027){ref-type="ref"}, a series of images is acquired with different combinations of arteries labeled or unlabeled in each image. Decoding of such images in post‐processing allows the generation of vessel‐specific contrast with high SNR efficiency, as has been demonstrated previously for ASL angiography [10](#nbm3515-bib-0010){ref-type="ref"}. For example, using an eight‐cycle scheme [28](#nbm3515-bib-0028){ref-type="ref"}, and assuming that the arteries can be efficiently encoded, we can write the measured signal as $$\mathbf{y} = \begin{pmatrix}
{- 1} & {- 1} & {- 1} & {- 1} & 1 \\
1 & 1 & 1 & 1 & 1 \\
{- 1} & 1 & {- 1} & 1 & 1 \\
1 & {- 1} & 1 & {- 1} & 1 \\
{- 1} & {- 1} & 1 & 1 & 1 \\
1 & 1 & {- 1} & {- 1} & 1 \\
{- 1} & 1 & 1 & {- 1} & 1 \\
1 & {- 1} & {- 1} & 1 & 1 \\
\end{pmatrix}\begin{pmatrix}
R_{ICA} \\
L_{ICA} \\
R_{VA} \\
L_{VA} \\
S \\
\end{pmatrix}$$

In this case, the SNR efficiency is 100% relative to standard PCASL, yielding vessel‐selective angiograms with twice the SNR of single‐artery selective methods using the same number of measurements.

In this study we aimed to optimize the SNR efficiency of vessel‐selective ASL dynamic angiography by first comparing bSSFP and SPGR readout methods, both in terms of their theoretical impact on the magnetization and the experimentally achievable SNR efficiency. We then optimized bSSFP imaging parameters to maximize the ASL signal over a long readout period and minimize transient signal oscillations. We combined a time‐resolved bSSFP readout with a VEPCASL preparation to generate highly SNR‐efficient vessel‐selective four‐dimensional (4D; dynamic three‐dimensional, 3D) and very rapidly acquired dynamic two‐dimensional (2D) angiograms. Finally, we report on the high vessel selectivity obtained with this technique, along with the potential for off‐resonance sensitivity for combined intra‐ and extra‐cranial applications.

Methods {#nbm3515-sec-0002}
=======

Simulations {#nbm3515-sec-0003}
-----------

In order to demonstrate the potential benefits of bSSFP for ASL angiography over SPGR, the evolution of initially inverted ("tagged") and relaxed ("controlled") magnetization was determined via numerical simulation of the Bloch equations. For simplicity, non‐selective hard RF pulses were simulated and SPGR was assumed to have 100% spoiling efficiency. In addition, the action of the imaging gradients was ignored, since in SPGR the transverse magnetization is spoiled at the end of the *T* ~R~, so the action of such gradients will have no impact on subsequent *T* ~R~ periods. In bSSFP all imaging gradients are assumed to be perfectly balanced, giving no net effect on the magnetization at the end of each *T* ~R~ period. Some residual phase accrual due to the gradients may occur in flowing blood, although this has been shown to be minimal when a linear phase‐encode ordering scheme is used [29](#nbm3515-bib-0029){ref-type="ref"}, as it is in this study. The ASL signal was calculated as the magnitude of the difference in the transverse magnetization of tagged and controlled blood halfway through the *T* ~R~ period. The *T* ~1~ and *T* ~2~ of blood were assumed to be 1650 ms [30](#nbm3515-bib-0030){ref-type="ref"} and 150 ms [31](#nbm3515-bib-0031){ref-type="ref"}, respectively.

The ASL signal achieved by SPGR and bSSFP in three regimes was simulated (i) using parameters suitable for SPGR (*α* = 8°, *T* ~R~ = 12 ms), (ii) using a shorter *T* ~R~ to increase the *k*‐space sampling rate with a correspondingly smaller flip angle to give comparable SPGR signal attenuation to the first regime (*α* = 5°, *T* ~R~ = 4.2 ms), and (iii) using more demanding imaging parameters to increase the initial signal strength along with rapid *k*‐space sampling at a cost of increased signal attenuation rate (*α* = 20°, *T* ~R~ = 4.2 ms).

Note that the SPGR signal attenuation rates in regimes (i) and (ii) were approximately matched to a previously published protocol [10](#nbm3515-bib-0010){ref-type="ref"} (*α* = 10°, *T* ~R~ = 18 ms) by considering that the signal attenuation due to the imaging RF pulses, *R*, at time *t* after the start of imaging is given by [15](#nbm3515-bib-0015){ref-type="ref"} $$R = \left( {\cos\alpha} \right)^{t/T_{R}} = e^{t\ln{({\cos\alpha})}/T_{R}}$$

Therefore, to achieve the same signal attenuation rate as a protocol with flip angle *α* ~1~ and repetition time *T* ~R,1~ with a new repetition time, *T* ~R,2~, the new flip angle, *α* ~2~, should be set to $$\alpha_{2} = \text{acos}\left\{ {\exp\left\lbrack \ln\left( {\cos\alpha_{1}} \right)\ T_{R,2}/T_{R,1} \right\rbrack} \right\}$$

In bSSFP the magnetization is flipped back and forth in alternate *T* ~R~ periods (i.e. the RF phase alternates between 0 and *π*), meaning that its angle to the longitudinal axis just after each RF pulse is approximately half the applied flip angle. Therefore, the bSSFP flip angle was set to twice that of the nominal flip angle quoted above to ensure that the transverse magnetization generated by the two methods were approximately equal at early time points.

Another consideration for the use of bSSFP in ASL angiography is that imaging has to occur in the transient regime before the magnetization reaches its steady‐state (at which point the contrast between tag and control images would be zero). At these early time points signal oscillations can occur, which lead to modulation of the signal across *k*‐space and therefore significant artifacts [32](#nbm3515-bib-0032){ref-type="ref"}. Two common approaches used to reduce these oscillations are (a) the "half‐angle" method, in which an RF pulse with flip angle *α*/2 is played out at a time *T* ~R~/2 prior to the first *α* pulse [32](#nbm3515-bib-0032){ref-type="ref"}, and (b) the "linearly increasing" method, in which a number (*N* ~p~) of RF pulses separated by *T* ~R~ which have flip angles that linearly increase from *α*/(*N* ~p~ + 1) to *αN* ~p~/(*N* ~p~ + 1) are played out prior to the bSSFP readout [33](#nbm3515-bib-0033){ref-type="ref"}. The half‐angle method requires only a single pre‐pulse, but in general is less robust to magnetization that is off resonance [33](#nbm3515-bib-0033){ref-type="ref"}. To assess the efficacy of these two techniques for minimizing oscillations in the ASL signal, both were simulated for magnetization at a range of off‐resonance frequencies using *T* ~R~ = 4.2 ms and *α* = 40°. For the linearly increasing method, a range of *N* ~p~ values was also tested. Finally, the ASL signal produced at a range of different flip angles was simulated (also for *T* ~R~ = 4.2 ms) to determine the optimal value to use for subsequent experiments.

Scan protocol {#nbm3515-sec-0004}
-------------

The scan protocol consisted of 3D multi‐slab time‐of‐flight (TOF) angiography of the head and neck (0.8 × 0.8 × 1.5 mm^3^, 5 min), which was used to select the VEPCASL labeling plane and establish the location of the two internal carotid arteries (ICAs) and vertebral arteries (VAs) within this plane. This was followed by the 4D VEPCASL bSSFP angiography prototype sequence, as shown in Figure [1](#nbm3515-fig-0001){ref-type="fig"}, which was triggered to the cardiac cycle via a pulse oximeter.

![Schematic diagram of the bSSFP VEPCASL dynamic angiography pulse sequence.](NBM-29-776-g001){#nbm3515-fig-0001}

The pre‐saturation scheme to reduce static tissue signal, the choice of labeling plane, VEPCASL parameters and the eight vessel‐encoding cycles used were identical to those given by Okell *et al*. [28](#nbm3515-bib-0028){ref-type="ref"}. Briefly, these encodings included two non‐selective, two left--right, two anterior--posterior and two diagonal encodings (as per Equation [\[2\]](#nbm3515-disp-0002){ref-type="disp-formula"}). The VEPCASL pulse train was played out for 1000 ms followed by 20 RF pulses with linearly increasing flip angles to reduce transient signal oscillations before the segmented bSSFP readout began.

In a similar manner to previous studies [20](#nbm3515-bib-0020){ref-type="ref"}, [21](#nbm3515-bib-0021){ref-type="ref"}, the bSSFP readout consisted of a series of blocks, in which the same 14 lines of *k*‐space were acquired in each block. After each VEPCASL preparation a different set of 14 *k*‐space lines was obtained and the process repeated until all necessary lines were acquired. Data from each readout block were used to construct a single image, and with the *T* ~R~ set to 4.2 ms this yielded a temporal resolution of 59 ms. The number of readout blocks was set to approximately 12, although this was adjusted for each subject to ensure the VEPCASL preparation and bSSFP readout were complete within two cardiac cycles to minimize dead time before the next cardiac trigger. The voxel size was set to 1 × 1.2 × 4 mm^3^, interpolated to 1 × 1 × 2 mm^3^, with field of view = 220 × 177 × 64 mm^3^, giving a total imaging time of approximately 18 min (the exact value depending on the subject\'s cardiac cycle). Further imaging parameters are listed in Table [1](#nbm3515-tbl-0001){ref-type="table-wrap"}.

###### 

Sequence parameters for 4D and dynamic 2D VEPCASL angiography. Where only one value is stated this is applicable to both acquisition strategies

  Sequence parameter                                               Value (4D mode \| dynamic 2D mode)
  ---------------------------------------------------------------- ------------------------------------------------------
  VEPCASL pulse train duration                                     1000 ms
  Number of vessel encodings                                       8
  Number of linearly increasing pre‐pulses (*N* ~p~)               20
  Imaging plane                                                    transverse slab \| any orientation
  In‐plane field of view                                           220 × \~177 mm^2^ (subject dependent)
  Slab thickness                                                   64 mm \| 64--100 mm (orientation dependent)
  Slice oversampling                                               12.5% \| --
  In‐plane parallel acceleration                                   GRAPPA factor 2
  Voxel size                                                       1.2 × 1.0 × 4.0 mm^3^ \| 1.2 × 1.0 × (64--100) mm^3^
  Reconstructed voxel size[a](#nbm3515-note-0001){ref-type="fn"}   1.0 × 1.0 × 2.0 mm^3^ \| 1.0 × 1.0 × (64--100) mm^3^
  Readout partial Fourier                                          78%
  Phase partial Fourier                                            75%
  Slice partial Fourier                                            75% \| --
  Readout bandwidth                                                496 Hz per pixel
  Repetition time (*T* ~R~)                                        4.2 ms
  Excitations per readout block                                    14
  Temporal resolution                                              59 ms
  Echo time (*T* ~E~)                                              1.8 ms
  Excitation flip angle                                            40°
  Number of readout blocks                                         \~12 (cardiac cycle dependent)
  Transmit coil                                                    body
  Receive coil                                                     12 channel head
  Time between VEPCASL preparations                                \~two cardiac cycles
  Total imaging time                                               \~18 min \| \~1.5 min

Via zero‐padding in *k*‐space.

In our previous dynamic 2D SPGR implementation [10](#nbm3515-bib-0010){ref-type="ref"}, correction for through‐plane motion was not possible, so the acquisition of data for different vessel‐encoding cycles was interleaved to minimize the effect of motion. However, with dynamic 3D data sets retrospective motion correction becomes possible, so in this study all *k*‐space data for each vessel‐encoding cycle were acquired before moving on to the next cycle.

A shorter dynamic 2D bSSFP VEPCASL angiography protocol was also used with parameters identical to those of the 4D sequence (see Table [1](#nbm3515-tbl-0001){ref-type="table-wrap"}), including the same slice thickness (64 mm), but without slice encoding. This yielded images with voxel size 1 × 1.2 mm^2^ in plane and 59 ms temporal resolution, but with the acquisition time reduced to about 1.5 min (cardiac cycle dependent).

Healthy volunteer experiments {#nbm3515-sec-0005}
-----------------------------

All healthy volunteers were scanned on a 3 T MAGNETOM Trio, a Tim system (Siemens Healthcare, Erlangen, Germany) under a technical development protocol agreed with local ethics and institutional committees. A 12 channel head RF receive coil was used in combination with the body coil for RF transmission.

Five volunteers (four male, one female; age range 25--38) were scanned with the full 4D protocol described above, and four of these were also scanned with the dynamic 2D protocol in the transverse view. A comparison of bSSFP and SPGR dynamic 2D protocols was made in one additional subject (male, 30), with flip angles and *T* ~R~ values as listed for the three regimes described in the simulations section. Further imaging parameters for these protocols are given in [Supplementary Table 1](#nbm3515-supitem-0001){ref-type="supplementary-material"}.

Dynamic 2D VEPCASL bSSFP angiograms were also acquired in coronal and sagittal orientations in another additional subject (male, 25) with the slab thickness increased to 100 mm to encompass the majority of the intra‐ and extra‐cranial arteries.

Image processing {#nbm3515-sec-0006}
----------------

All images were processed using the FMRIB Software Library (FSL [34](#nbm3515-bib-0034){ref-type="ref"}) and MATLAB (MathWorks, Natick, MA, USA). Both 4D and dynamic 2D VEPCASL angiography data were motion corrected using MCFLIRT [35](#nbm3515-bib-0035){ref-type="ref"}. The Brain Extraction Tool [36](#nbm3515-bib-0036){ref-type="ref"} was applied to the 3D TOF data to generate a brain mask, which was then linearly registered (using FLIRT [37](#nbm3515-bib-0037){ref-type="ref"}) and applied to the VEPCASL angiography images to exclude signal from the scalp and eyes.

In order to separate the blood signals arising from each feeding artery from the vessel‐encoded data, a fast maximum *a posteriori* Bayesian version [38](#nbm3515-bib-0038){ref-type="ref"} of the general framework for vessel‐encoded analysis [39](#nbm3515-bib-0039){ref-type="ref"} was applied to the magnitude images. This method is SNR efficient and compensates for rigid body motion between the vessel localization scan and the vessel‐encoded acquisitions. This analysis results in one vessel‐selective dynamic angiogram for each of the four main brain‐feeding arteries, which can be displayed separately or together using color to represent the vascular origin of the blood signal. Maximum intensity projections (MIPs) of each 4D data set were performed to aid visualization.

Due to the long VEPCASL pulse train (1000 ms), the first acquired time frame shows the vessels filled with labeled blood, with subsequent time frames showing the outflow of this bolus. For a more intuitive visualization, "inflow‐subtraction" was performed, in which each time frame was subtracted from the first. In this way the time at which the bolus leaves the voxel in the original images becomes the time at which the signal appears in the inflow‐subtracted images, giving the appearance of inflow rather than outflow. This method has been previously used by our group [40](#nbm3515-bib-0040){ref-type="ref"} and others [11](#nbm3515-bib-0011){ref-type="ref"}. In practice small residual transient bSSFP artifacts were observed in the first time frame and these would propagate through all subsequent inflow‐subtracted images, so the second time frame was used instead.

Timing information was obtained from both 4D and dynamic 2D data sets using a simple outflow metric: the signal in each voxel was temporally smoothed (Savitzky--Golay filter with polynomial order = 2 and frame size = number of readout blocks -- 1) before calculating the time at which it drops to less than 50% of its maximum, as per Okell *et al*. [10](#nbm3515-bib-0010){ref-type="ref"}. This is approximately equivalent to the time the blood takes to travel from the labeling plane to each voxel if bolus dispersion and signal attenuation due to the RF imaging pulses are minimal.

In order to assess the vessel selectivity of the proposed method, regions of interest (ROIs) were manually defined in the M2 segment of both middle cerebral arteries (MCAs) and in the P2 segment of both posterior cerebral arteries (PCAs) for each subject using the transverse MIPs of the 4D data. In one subject, who had a fetal type circle of Willis on one side, the ipsilateral PCA ROI was drawn in the P1 segment to exclude true ICA signal. To exclude signal outside arteries a vessel mask was created by summing the blood signal across all feeding arteries, determining the 99th percentile of this signal intensity and thresholding the image at 95% of this value, which was found empirically to segment the large arteries well. Within the intersection of each ROI with the vessel mask the fraction of the total signal arising from each feeding artery was calculated. The mean "contamination" signal arising from arteries not expected to contribute to each ROI was then calculated: in the MCA ROIs only the ipsilateral ICA is expected to contribute and in the PCA ROIs only the VAs are expected to contribute (in the case of a typical vascular anatomy).

In order to aid comparison between the bSSFP and SPGR data acquired in one subject, a measure of SNR efficiency was calculated. The "signal" was taken as the mean signal intensity of the ASL angiograms within a vessel mask (as described above), averaged across all feeding arteries and time frames. The "noise" was taken to be the standard deviation of the signal in a 10 × 10 pixel background ROI positioned in the posterior of the brain, away from any arteries, across all feeding arteries and time frames. The ratio of the signal to the noise was then divided by the square root of the acquisition time (in minutes) to yield the SNR efficiency.

Finally, a qualitative comparison of arterial visualization was performed on both the 3D TOF and the 4D VEPCASL angiography data by an experienced neuroradiologist (F.S.) using a scoring system similar to that of Wu *et al*. [41](#nbm3515-bib-0041){ref-type="ref"}: 0 -- not visible/non‐diagnostic; 1 -- poor (some structure visible but not clearly defined); 2 -- good (diagnostic, clear vessels); 3 -- excellent (very clearly delineated). All the major cerebral arterial segments were scored, including the first and second segments of the ACAs, MCAs and PCAs, along with the distal MCA segments (defined as any MCA branches beyond M2). The reader was blind to the subject numbers and data were presented in a randomized order to prevent potential bias. A nonparametric paired Wilcoxon signed rank test was performed to determine whether differences in TOF and VEPCASL angiography scores within each vessel segment were significant.

Results {#nbm3515-sec-0007}
=======

Simulation results comparing the evolution of the longitudinal magnetization and the resulting ASL signal for both SPGR and bSSFP are shown in Figure [2](#nbm3515-fig-0002){ref-type="fig"}. The recycling of the transverse magnetization across *T* ~R~ periods in bSSFP results in greatly reduced attenuation of the longitudinal magnetization compared with SPGR, yielding higher ASL signals at later time points. Reasonable signal levels are achieved with SPGR in Regime (i), but the relatively long *T* ~R~ leads to long acquisition times, making it unfeasible for use in a 4D protocol. Reducing the *T* ~R~ to allow more rapid sampling requires a corresponding reduction in the flip angle to achieve the same degree of signal attenuation (Regime (ii)), thereby reducing the signal level considerably. Attempting to recover some of this SNR by increasing the flip angle (Regime (iii)) leads to rapid SPGR signal loss. In contrast, the bSSFP imaging sequence maintains high signal levels across all time points, even when the *T* ~R~ is short and the flip angle is large.

![Motivation for a bSSFP readout in ASL angiography: Bloch simulations of the blood magnetization during SPGR and bSSFP readouts in both tag (dashed lines) and control (solid lines) conditions. Here the half‐angle method was used to catalyze the steady state in bSSFP. The top row (a--c) shows the evolution of the longitudinal magnetization (*M~z~*, in units of *M* ~0~) under both readout schemes and in the absence of readout RF pulses, for comparison. The bottom row (d--f) shows the ASL signal, calculated as the difference in the transverse magnetization between control and tag states at the echo time, in units of *M* ~0~. Note that the bSSFP flip angle was set to twice the SPGR flip angle shown to match the ASL signal at early time points. Three regimes are shown: (i) a relatively small flip angle (*α*, stated for SPGR/bSSFP) and long *T* ~R~ (a, d); (ii) a short *T* ~R~ and lower flip angle to give more rapid *k*‐space sampling with a similar degree of signal attenuation (b, e); (iii) a more demanding case, using short *T* ~R~ with a higher flip angle to increase the initial SNR (c, f). bSSFP allows high ASL signals to be maintained over a much longer period of time than SPGR, even when the flip angle is large and the *T* ~R~ is short, suggesting that significant boosts in SNR efficiency should be achievable.](NBM-29-776-g002){#nbm3515-fig-0002}

This behavior is confirmed by the experimental comparison of bSSFP and SPGR in dynamic 2D transverse acquisitions (Fig. [3](#nbm3515-fig-0003){ref-type="fig"}). The measured SNR efficiency of bSSFP in Regime (iii) is 2.9 times higher than the best SPGR protocol (Regime (i)). These results highlight that a much higher SNR and *k*‐space sampling rate can be achieved with bSSFP compared with SPGR, improving image quality and sampling efficiency, and thereby enabling the use of a time‐resolved 3D readout.

![Selected frames from an experimental comparison of bSSFP and SPGR in the same subject using dynamic 2D mode without inflow subtraction. Three regimes are shown here, matching the simulations shown in Figure [2](#nbm3515-fig-0002){ref-type="fig"}, with flip angle/*T* ~R~/acquisition time approximately equal to (i) 8°/12 ms/5 min, (ii) 5°/4 ms/1.5 min, and (iii) 20°/4 ms/1.5 min. Note that bSSFP data were acquired with twice the SPGR flip angle (as per Fig. [2](#nbm3515-fig-0002){ref-type="fig"}) but cannot be acquired in Regime (i) because the long *T* ~R~ would lead to significant banding artifacts. SNR efficiencies are displayed below each set of images. Good quality SPGR data can be acquired in Regime (i), but accelerating the acquisition by reducing the *T* ~R~ and the flip angle leads to poor SNR (blue arrowhead) in Regime (ii). bSSFP data acquired in Regime (ii) are comparable to those of SPGR in terms of signal attenuation, but because no spoiler is required at the end of each *T* ~R~ period a lower bandwidth could be used, yielding higher SNR images. Attempting to recover some SNR by increasing the flip angle in Regime (iii) leads to rapid signal loss for SPGR, but not bSSFP (purple arrowheads). Note that the signal loss in proximal vessels is less severe due to the inflow of fresh labeled blood, which has not experienced all the previous RF excitation pulses.](NBM-29-776-g003){#nbm3515-fig-0003}

Simulations of off‐resonance magnetization (Fig. [4](#nbm3515-fig-0004){ref-type="fig"}) show that the ASL difference signal is strongly affected by transient signal oscillations when the half‐angle catalyzation method is used. Using a set of linearly increasing flip angles greatly reduces these oscillations across a range of off‐resonance frequencies, with a larger number of pre‐pulses (*N* ~p~) giving more effective damping. However, this is at a cost of reduced time available for imaging just after the VEPCASL pulse train, when the signal is strongest. Based on these simulations *N* ~p~ was set to 20 for the remainder of this study as a reasonable compromise between these two competing factors. Note that despite the use of this catalyzation scheme some small transient oscillations remain, particularly at early time points, which could lead to minor artifacts in the resulting images.

![Minimizing transient signal oscillations: the ASL signal (in units of *M* ~0~) produced at different off‐resonance frequencies (see legend, in Hz) was simulated during the bSSFP readout using the half‐angle (a) and linearly increasing flip angle (b--d) methods (*α* = 40°, *T* ~R~ = 4.2 ms). The half‐angle method effectively suppresses signal oscillations on resonance but fails as the off‐resonance frequency is increased. Using a larger number of pre‐pulses (*N* ~p~) with linearly increasing flip angles effectively suppresses these oscillations across a range of off‐resonance frequencies (c, d) at a cost of decreased time available for imaging immediately after the ASL preparation.](NBM-29-776-g004){#nbm3515-fig-0004}

The simulations also demonstrate that increasing the bSSFP readout flip angle yields higher initial signals at a cost of greater signal attenuation at later time points (Fig. [5](#nbm3515-fig-0005){ref-type="fig"}). For the purposes of this study, with a desired readout period of under 1 s, setting the flip angle to 40° yields the highest signal at later time points without compromising too greatly on initial signal amplitude, so this value was chosen for the experiments described below.

![bSSFP readout flip angle optimization: simulations show that larger flip angles (see legend) provide higher SNR at early time points but attenuate the ASL signal more rapidly, leaving lower signals at later time points. For this simulation the magnetization was on‐resonance, *T* ~R~ was set to 4.2 ms, and 20 linearly increasing flip angle pulses were used to reduce transient oscillations.](NBM-29-776-g005){#nbm3515-fig-0005}

Selected frames from bSSFP 4D and dynamic 2D VEPCASL angiograms acquired in the same subject with inflow‐subtraction are shown in Figure [6](#nbm3515-fig-0006){ref-type="fig"}. The 4D data are visualized using MIPs in transverse, coronal and sagittal views, although any desired reformatting could be chosen retrospectively. The expected patterns of filling of the major arteries are observed in this dynamic data and the vascular territories of the major brain‐feeding arteries are cleanly separated. The transverse dynamic 2D data acquired in the same imaging slab closely resemble the 4D transverse MIP despite the greatly reduced imaging time (\~1.5 min).

![Selected frames from bSSFP VEPCASL dynamic angiography data in a single subject with inflow‐subtraction: the full 4D data (a) are shown using MIPs in transverse (TRA), coronal (COR) and sagittal (SAG) orientations. Transverse dynamic 2D data acquired in the same imaging slab are also shown (b). Color corresponds to the arterial origin of the blood signal (see legend). Note that overlap of the RICA and LICA signals in the sagittal MIP presents as a yellow hue. The times shown are relative to the end of the VEPCASL pulse train. Orientation is marked on each image (A, anterior; P, posterior; R, right; L, left; S, superior; I, inferior).](NBM-29-776-g006){#nbm3515-fig-0006}

The high vessel selectivity achievable with this vessel‐encoded approach is demonstrated in Figure [7](#nbm3515-fig-0007){ref-type="fig"}, where each arterial component is displayed separately. Analysis of the signals within the MCA and PCA ROIs confirms that the signal contamination is very low: the average signal from non‐feeding arteries was only 1.9 ± 2.0%.

![Vessel‐selectivity: (a) inverted grayscale maps from one frame of the transverse MIP shown in Figure [6](#nbm3515-fig-0006){ref-type="fig"}, showing each arterial component separately, demonstrating the excellent separation of vascular components achieved with this technique; (b) mean fractional signal intensity from each feeding artery in ROIs placed over the MCAs and PCAs across all subjects. Error bars indicate the standard error. Color shows the origin of the blood signal (see legend). Note the minimal contamination signal from the non‐feeding arteries.](NBM-29-776-g007){#nbm3515-fig-0007}

Examples of timing information extracted from this data are shown in [Supplementary Fig. 1](#nbm3515-supitem-0002){ref-type="supplementary-material"}. The later arrival of blood in more distal arteries, as well as the delayed arrival of blood to the posterior circulation versus the anterior circulation, is clearly shown, and the timing information is very similar between the 4D and dynamic 2D data sets. High quality data sets were obtained in all subjects, as shown in [Supplementary Fig. 2](#nbm3515-supitem-0003){ref-type="supplementary-material"}, despite some minor artifacts related to shifting bSSFP banding patterns and motion in some subjects. This technique clearly shows variants of the cerebral vasculature such as a fetal type circle of Willis.

The qualitative comparison of 3D TOF and 4D bSSFP VEPCASL angiography revealed no significant differences in vessel visualization between the two methods (see [Supplementary Table 2](#nbm3515-supitem-0001){ref-type="supplementary-material"}). On average, the proposed method scored slightly lower in proximal vessels due to the slightly lower spatial resolution used in this study and minor artifacts seen in some subjects, but in distal MCA branches arterial visualization was much better (mean score 2.6 for VEPCASL versus 1.1 for TOF), with a trend towards significance (*p* = 0.06).

One drawback of using bSSFP for ASL angiography is highlighted in Figure [8](#nbm3515-fig-0008){ref-type="fig"}, which shows example results from dynamic 2D acquisitions in coronal and sagittal views. Regions with poor magnetic field homogeneity show signal loss in the first time frame, which rapidly propagates downstream. In this manner large sections of arteries lose all signal in later time frames, despite the presence of labeled blood in proximal vessel segments.

![Signal loss in proximal vessels during coronal and sagittal acquisitions: two frames from dynamic 2D data without inflow‐subtraction showing loss of signal in proximal arteries (white arrows), which propagates through to more distal regions in later time frames (orange arrows) despite the presence of labeled blood signal upstream. The time of image acquisition relative to the end of the VEPCASL pulse train is displayed above each frame. Subject orientation is indicated on each image (R, right; L, left; S, superior; I, inferior; A, anterior; P, posterior).](NBM-29-776-g008){#nbm3515-fig-0008}

Discussion {#nbm3515-sec-0008}
==========

In this study we have demonstrated that for dynamic ASL angiography bSSFP can provide a much higher SNR efficiency than SPGR without significantly attenuating the ASL signal, we have optimized bSSFP imaging parameters for a relatively long readout period, and we have combined this optimized bSSFP readout with vessel‐encoded ASL to produce 4D vessel‐selective cerebral angiograms non‐invasively with high spatial and temporal resolution. These 4D angiograms can be reconstructed using MIPs in any desired orientation, and the vessel selectivity was shown to be high. In addition, the dynamic 2D protocol allows for a very rapid acquisition (\~1.5 min), which could fit easily into a busy clinical protocol.

The simulations showed that transient signal oscillations were well suppressed using 20 RF pulses with linearly increasing flip angles, although this uses up 84 ms of potential imaging time just after the end of the VEPCASL pulse train. For this study a flip angle of 40° was found to provide a good compromise between initial signal strength and the rate of signal attenuation. This is somewhat different from the values used in previous studies [17](#nbm3515-bib-0017){ref-type="ref"}, [19](#nbm3515-bib-0019){ref-type="ref"}, where flip angles of up to 180° have been used [26](#nbm3515-bib-0026){ref-type="ref"}. This is due to the optimization being performed over a relatively long readout period (\~700 ms) and considering blood that has experienced all previous RF pulses, which may not be the case in proximal vessels. This highlights the need for optimization to be performed based on the desired readout duration and vessels of interest within the imaging region.

The images produced using this technique in healthy volunteers confirm that bSSFP is capable of producing high quality angiograms when combined with a VEPCASL preparation. Even relatively small arterial branches are clearly visualized thanks to the high SNR. These details are less well defined in the dynamic 2D acquisitions, but this is perhaps not surprising given the much shorter imaging time. The ability of this method to clearly visualize normal variants of the cerebral vasculature suggests that it could be useful in identifying abnormal flow patterns in a range of patient groups, including collateral flow and blood supply to lesions such as tumors or arteriovenous malformations.

Although the post‐processing is more complex, the combination of a vessel‐encoded preparation and Bayesian analysis method [38](#nbm3515-bib-0038){ref-type="ref"}, [39](#nbm3515-bib-0039){ref-type="ref"} has two main advantages over single‐artery labeling methods [26](#nbm3515-bib-0026){ref-type="ref"}, [42](#nbm3515-bib-0042){ref-type="ref"}, [43](#nbm3515-bib-0043){ref-type="ref"}, [44](#nbm3515-bib-0044){ref-type="ref"} for vessel‐selective angiography. First, it is very SNR efficient when more than one artery is of interest [27](#nbm3515-bib-0027){ref-type="ref"}, as described in the introduction. Second, it yields highly vessel‐selective angiograms: the average signal contamination in this study was 1.9 ± 2.0%, which is considerably lower than the average value of 12 ± 7% reported by Robson *et al*. [26](#nbm3515-bib-0026){ref-type="ref"} using single‐artery selective PCASL. This has the advantage of reducing ambiguity in the resulting images: for example, signal present in vessels not normally supplied by the labeled artery can be more confidently ascribed to collateral flow rather than signal contamination. This finding needs to be reproduced in patient groups where motion may be more pronounced, although one could argue that single‐artery selective methods are even more susceptible to motion since mislabeling of arteries cannot be corrected for in post‐processing.

The outflow timing parameter extracted from these data could be used to help identify abnormal hemodynamics, such as delayed flow due to stenosis or increased vascular resistance. However, this simple metric is affected by signal attenuation from the readout method and bolus dispersion. To more accurately extract this information, a kinetic model for ASL angiography [15](#nbm3515-bib-0015){ref-type="ref"} needs to be adapted to account for the signal attenuation present in bSSFP acquisitions.

Unlike previous studies [10](#nbm3515-bib-0010){ref-type="ref"}, here only the magnitude images were used for the analysis, rather than the full complex data set. This was possible because the phase of the bSSFP signal is relatively insensitive to off‐resonance frequency and flow speed [45](#nbm3515-bib-0045){ref-type="ref"}. Therefore, phase mismatches between static tissue and blood, which could cause problems in SPGR magnitude subtractions, are not generally an issue for bSSFP. The use of magnitude‐only images simplifies the post‐processing, since no phase drift corrections are required and problems with phase instabilities [10](#nbm3515-bib-0010){ref-type="ref"} are avoided. However, near the labeling plane, where the longitudinal magnetization of the blood may still be negative at the time of imaging, the ASL signal will be underestimated. Therefore, full complex processing is necessary when quantitative analyses are to be performed.

The inflow‐subtraction approach used in this study is a useful visualization tool, but it does make the assumption that all the vessels are filled with labeled blood at the first time point. This assumption would be violated for delayed blood arrival, so these images should be viewed alongside the original data to avoid potential misinterpretation. This method also assumes that the blood signal is constant until the bolus of labeled blood washes out of the voxel, but the application of the RF pulses for imaging attenuates the signal over time (see Fig. [2](#nbm3515-fig-0002){ref-type="fig"}), which would lead to a slowly rising signal over time in the inflow‐subtraction before the nominal "arrival" of the bolus. Finally, the SNR of these images is reduced due to increased noise variance resulting from the subtraction. One possible solution to these problems would be to adapt the PCASL angiography kinetic model to account for the bSSFP signal evolution, allowing generation of simulated inflow images without the confounds of signal attenuation due to the imaging RF pulses and *T* ~1~ decay, as has been show previously using SPGR data [15](#nbm3515-bib-0015){ref-type="ref"}. This would further allow physiological parameters to be extracted and absolute blood volume flow rates to be estimated [46](#nbm3515-bib-0046){ref-type="ref"}.

The qualitative comparison of the proposed technique with 3D TOF revealed that comparable structural information is obtained with the two methods, in addition to the dynamic and vessel‐selective nature of the 4D bSSFP VEPCASL data. It is hoped that the bSSFP VEPCASL angiography scores in proximal vessels, particular smaller vessels such as the ACAs, could be improved by using a higher spatial resolution. The trend towards higher scores in distal MCA branches is likely to be due to the non‐negligible static tissue signal and saturation effects inherent in the 3D TOF data, suggesting that ASL angiography is particularly advantageous higher in the brain. However, the 3D TOF protocol used in this study was suboptimal, the scan times were not matched, and a relatively small number of subjects were included, so a larger study would be required to investigate these differences further.

In previous studies [47](#nbm3515-bib-0047){ref-type="ref"}, [48](#nbm3515-bib-0048){ref-type="ref"} it has been shown that in many subjects there is little mixing of VA blood in the basilar artery. In this study we observed subjects with both relatively well‐separated and well‐mixed VA blood (see Fig. [6](#nbm3515-fig-0006){ref-type="fig"} and [Supplementary Fig. 2](#nbm3515-supitem-0003){ref-type="supplementary-material"}). Such variable patterns have also previously been observed in vessel‐selective perfusion images, using both a vessel‐encoded approach [28](#nbm3515-bib-0028){ref-type="ref"} and a single‐artery selective approach [49](#nbm3515-bib-0049){ref-type="ref"}. This highlights one of the benefits of the Bayesian analysis method used in this study over clustering methods, which is the ability to accurately depict mixed blood supply.

Although bSSFP has many advantages for ASL angiography, it also has some drawbacks. First, there are some residual transient bSSFP oscillation artifacts in the first acquired time frame. Although these are small, they necessitated the use of the second time frame for inflow‐subtraction to avoid these artifacts propagating through the whole set of images. More sophisticated methods for suppressing these oscillations [50](#nbm3515-bib-0050){ref-type="ref"}, [51](#nbm3515-bib-0051){ref-type="ref"} may be beneficial in future work. Second, bSSFP may be more sensitive than SPGR to fluctuations in blood flow and cerebrospinal fluid during the cardiac cycle [52](#nbm3515-bib-0052){ref-type="ref"}, prompting the use of cardiac gating, which can lead to dead time in the sequence whilst waiting for the next trigger. However, in this study the number of readout blocks was adapted for each subject, ensuring that the VEPCASL preparation and imaging period were complete within two cardiac cycles to minimize this dead time. It should be noted that, in patients with highly variable heart rates, *k*‐space data within the same readout block could be acquired at different points during the cardiac cycle, so assessment of pulsatility artifacts in such cohorts would be necessary. Third, drift in the main magnetic field (e.g. due to heating of the passive shim metal) causes the bSSFP banding artifacts to move. During the longer 4D protocol this led to minor artifacts in the ASL images in some subjects.

Finally, it appears that the bSSFP readout leads to rapid ASL signal loss in proximal areas when the imaging region extends into the neck (see Fig. [8](#nbm3515-fig-0008){ref-type="fig"}). This is most likely caused by off‐resonance effects in these larger and less homogeneous imaging volumes that are difficult to shim accurately. It has been shown previously that motion of fluid through regions of poor field homogeneity can disrupt the evolution of the magnetization under the bSSFP imaging scheme, leading to considerable signal loss [45](#nbm3515-bib-0045){ref-type="ref"}. This is particularly problematic for ASL angiography, because it is not a localized effect: saturated blood signal flows downstream, leading to signal loss in distal arteries at later time points. Note that lack of flow compensation in the phase‐encoding direction could also contribute to the signal loss seen in the fast moving blood found in these proximal arteries [29](#nbm3515-bib-0029){ref-type="ref"}. However, previous studies have demonstrated that bSSFP can be used to image the extracranial arteries at 1.5 T [24](#nbm3515-bib-0024){ref-type="ref"}, perhaps because improved field homogeneity at this lower field strength and the short *T* ~R~ period used (3.4 ms) mitigate bSSFP off‐resonance effects. Further investigation of these artifacts is necessary before simultaneous examination of the intracranial and extracranial vessels becomes feasible at 3 T.

The 4D VEPCASL angiography protocol presented here took 18 min and could therefore be sensitive to subject motion and magnetic field drift. Reducing the acquisition time would help reduce this sensitivity as well as improving its clinical utility. This could be achieved in a number of ways: the temporal resolution could be increased to allow more lines of *k*‐space to be acquired after each VEPCASL preparation. The number of vessel encodings could be reduced from eight to six [10](#nbm3515-bib-0010){ref-type="ref"} or even five, with a planning‐free approach [53](#nbm3515-bib-0053){ref-type="ref"}, although SNR and robust vessel‐decoding could be somewhat compromised. Greater acceleration with parallel imaging [54](#nbm3515-bib-0054){ref-type="ref"}, [55](#nbm3515-bib-0055){ref-type="ref"} should be possible, particularly using a receive coil with a larger number of elements, although again with an SNR penalty. Compressed sensing [56](#nbm3515-bib-0056){ref-type="ref"} and radial *k*‐space trajectories [41](#nbm3515-bib-0041){ref-type="ref"} are also likely to yield great benefits due to the inherently sparse nature of angiographic data.

This work could be further improved by more efficient suppression of static tissue signals, for example by interleaving inversion pulses with the VEPCASL pulse train [26](#nbm3515-bib-0026){ref-type="ref"}, helping to reduce motion artifacts and reduce physiological noise. Use of a real‐time magnetic field drift correction would also eliminate the motion of bSSFP banding artifacts.

Finally, the use of variable flip angles in the bSSFP readout has been shown to be beneficial in pulsed ASL angiography [21](#nbm3515-bib-0021){ref-type="ref"}. Optimization of such a scheme for PCASL, which has different *T* ~1~ decay properties, is likely to be beneficial, and there are a number of approaches for achieving this [51](#nbm3515-bib-0051){ref-type="ref"}, [57](#nbm3515-bib-0057){ref-type="ref"}.

In conclusion, in this study we have demonstrated that bSSFP has many advantages over SPGR for intracranial ASL dynamic angiography. When combined with a VEPCASL preparation it can produce very SNR‐efficient vessel‐selective 4D angiograms with high spatial and temporal resolution and very rapid dynamic 2D data sets suitable for busy clinical protocols. In future work we hope to exploit the short time required per vessel‐encoding cycle to label a larger number of arterial branches higher in the brain, and to show the efficacy of this technique in a range of clinical scenarios, such as identifying dominant feeding arteries to arteriovenous malformations and assessing collateral flow in stroke patients.

Supporting information
======================

**Supplementary Table 1:** Sequence parameters for the bSSFP vs. SPGR comparison in one subject using dynamic 2D mode. Parameters not listed here were identical to those in Table 1. The readout bandwidth was set to the minimum possible within the set TR period. Note that an exact match between SPGR and bSSFP protocols could not always be made due to hardware restrictions.

**Supplementary Table 2:** Qualitative image quality scores comparing 3D TOF and 4D VEPCASL angiography. Mean ± standard deviation scores are shown for each vessel segment, along with the p value resulting from the paired Wilcoxon signed rank test for that vessel segment. No differences were statistically significant (p \< 0.05).

**Supplementary Fig. 1:** Comparison of timing information obtained by the full 4D (a) and dynamic 2D (b) methods using a simple outflow metric.

**Supplementary Fig. 2:** One frame from transverse MIPs of the 4D data in the other four subjects (a‐d), two of which show clear visualization of variants in the cerebral vasculature: one subject (a) has a very small RVA which does not supply blood to the circle of Willis; another subject (c) has a very small LVA and fetal type circle of Willis on the left side. Note that shifting of bSSFP banding artifacts (white arrowhead) and subject motion (orange arrowhead) lead to minor artifacts in some subjects.
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